Segmental body composition assessed by bioelectrical impedance analysis and DEXA in humans. J. Appl. Physiol. 81(6): 2580-2587, 1996.-The present study assessed the relative contribution of each body segment to whole body fat-free mass (FFM) and impedance and explored the use of segmental bioelectrical impedance analysis to estimate segmental tissue composition. Multiple frequencies of whole body and segmental impedances were measured in 51 normal and overweight women. Segmental tissue composition was independently assessed by dual-energy X-ray absorptiometry. The sum of the segmental impedance values corresponded to the whole body value (100.5 6 1.9% at 50 kHz). The arms and legs contributed to 47.6 and 43.0%, respectively, of whole body impedance at 50 kHz, whereas they represented only 10.6 and 34.8% of total FFM, as determined by dual-energy X-ray absorptiometry. The trunk averaged 10.0% of total impedance but represented 48.2% of FFM. For each segment, there was an excellent correlation between the specific impedance index (length 2 /impedance) and FFM (r 5 0.55, 0.62, and 0.64 for arm, trunk, and leg, respectively). The specific resistivity was in a similar range for the limbs (159 6 23 cm for the arm and 193 6 39 cm for the leg at 50 kHz) but was higher for the trunk (457 6 71 cm). This study shows the potential interest of segmental body composition by bioelectrical impedance analysis and provides specific segmental body composition equations for use in normal and overweight women. dual-energy X-ray absorptiometry; body segments; body fat; fat-free mass ASSESSMENT OF BODY COMPOSITION plays an important role in nutritional evaluation, and bioelectrical impedance analysis (BIA), which has been known for more than 50 years, has become widely used in clinical settings during the last 10 years (10, 13, 14) . Numerous investigations have demonstrated the usefulness of BIA in assessing body composition, body composition changes, and body fluid distribution in a wide range of physiological and clinical conditions (6, 11, 19) . The resistance of tissues to electrical current is directly related to their fluid content: the highly hydrated fat-free mass (FFM) is a good electrical conducting medium, whereas the poorly hydrated adipose tissue is a good electrical insulator. In normal and ill subjects, BIA is correlated with total body water, and the variations of both are also correlated (11). Measurements of the conducting volume of the body is based on Ohm's law, which states that a volume of constant section is proportional to the length squared (L 2 ) divided by its resistance. However, recently, growing interest has focused on certain limitations of this method, such as the geometry of the measured conductor: there is a linear relationship between bioelectrical impedance index (height 2 /resistance) and FFM, provided the conductor measured is apparented to a cylinder or has a constant section. This is obviously not the case when assessing the whole body BIA, as the conductor usually measured (wrist to ankle) consists of two long thin conductors (limbs) separated by a shorter and thicker one (trunk). Despite this limitation, most investigators have demonstrated a good relationship between the square of index height-to-whole body resistance and FFM (11), since the relative contribution of each segment increases in concert with body size.
ASSESSMENT OF BODY COMPOSITION plays an important role in nutritional evaluation, and bioelectrical impedance analysis (BIA), which has been known for more than 50 years, has become widely used in clinical settings during the last 10 years (10, 13, 14) . Numerous investigations have demonstrated the usefulness of BIA in assessing body composition, body composition changes, and body fluid distribution in a wide range of physiological and clinical conditions (6, 11, 19) . The resistance of tissues to electrical current is directly related to their fluid content: the highly hydrated fat-free mass (FFM) is a good electrical conducting medium, whereas the poorly hydrated adipose tissue is a good electrical insulator. In normal and ill subjects, BIA is correlated with total body water, and the variations of both are also correlated (11) . Measurements of the conducting volume of the body is based on Ohm's law, which states that a volume of constant section is proportional to the length squared (L 2 ) divided by its resistance. However, recently, growing interest has focused on certain limitations of this method, such as the geometry of the measured conductor: there is a linear relationship between bioelectrical impedance index (height 2 /resistance) and FFM, provided the conductor measured is apparented to a cylinder or has a constant section. This is obviously not the case when assessing the whole body BIA, as the conductor usually measured (wrist to ankle) consists of two long thin conductors (limbs) separated by a shorter and thicker one (trunk). Despite this limitation, most investigators have demonstrated a good relationship between the square of index height-to-whole body resistance and FFM (11) , since the relative contribution of each segment increases in concert with body size.
The aims of the present study were to 1) describe segmental body composition by segmental BIA and dualenergy X-ray absorptiometry (DEXA), 2) analyze the relationship in healthy subjects between segmental FFM by BIA and DEXA, and 3) determine the relationships between the L 2 /impedance index and the segmental FFM for each segment at three different frequencies.
METHOD
Subjects. The study was carried out at the Institute of Physiology and the Radiology Department of the University Hospital of Lausanne. Subjects were recruited among medical students of the University and among women channeled to the Institute of Physiology for nutritional and metabolic evaluations. The study is in accordance with the Declaration of Helsinki, and the protocol was approved by the Ethical Committee of the Faculty of Medicine of the University of Lausanne. The study sample consisted of 51 women without any medication and without known disease except for obesity, ranging in age from 18 to 62 yr and ranging in body weight from 48.6 to 131.2 kg. On a random basis, two-thirds of the subjects (n 5 34) were assigned to the equation-prediction group and 17 subjects were in the validation group.
Anthropometry. After an overnight fast and after voiding, the subjects' body weight in minimal clothing (underwear and brassiere) was measured to the nearest 100 g with a precision scale and height was measured to the nearest 5 mm with a Holtain stadiometer. An anthropometric evaluation was performed by triplicate skinfold thickness measurement at four sites (biceps, triceps, subscapular, and supra iliac) with a Harpenden caliper (7) . The lengths of the arm, trunk, and leg were precisely measured between the center of the impedance electrodes. Anthropometric assessment was completed with waist, hip, bicipital, and wrist circumferences. To avoid interinvestigator variability, anthropometric evaluation was performed by two trained investigators (Y. Schutz and D. Bracco).
BIA. Whole body and segmental bioelectrical impedance were recorded on the right side of the body by using a portable device built by the Electronic Department of the University Hospital (26) . The device measures the resistance and the reactance at 0.5, 50, and 100 kHz after injecting a 500-µA current from the wrist to the ankle (26) . This electrical current is below the threshold for sensibility and is ,40% lower than most commercially available BIA devices, which inject 800 µA to subjects. Current-injecting electrodes, located at the external side of the wrist and the ankle, were left in place for the entire investigation. Four ungelled sensing electrodes were placed after cleaning the skin with a 50% ethanol solution. The precise location of these electrodes were 1) the anterior part of the wrist 2 cm proximal to the radial process, 2) over the center of the anterior face of the humeral head, 3) over the anterior-superior iliac spine, and 4) over the internal malleolus. Whole body impedance was measured between the wrist and ankle, and segmental impedance was measured between the two nearby electrodes (Fig. 1) . This configuration allows measurements of the whole body and segmental impedance while keeping the current-injecting electrodes at the same place, thus not influencing the electrical current across the body. Measurements were done while the subjects were lying on a nonconducting surface and with the limbs abducted from the trunk so that the medial parts of the limbs did not contact the trunk or each other. Electrode configuration is somewhat comparable to the previously described segmental BIA studies (1, 4, 5, 8, 9, 18) . Segments measured correspond to segments 1, 4, and 18 of the study recently published by Organ et al. (18) . The impedance of the trunk was measured with the subjects breathing quietly, and the average resistance and reactance over the respiratory cycle were recorded. Whole body and segmental resistance and reactance were measured in triplicate, and if the difference between the three readings was .3 V, the measurement was repeated. Whole body and segmental resistance and reactance were measured, and impedance and phase angle were calculated from the vectorial resultant of these two components.
DEXA. DEXA (model QDR 2000, Hologic) was used to assess body composition independently. Subjects were measured while wearing only a standard light cotton shirt to minimize clothing absorption. Measurements were performed by a trained radiology technician with dual-energy X-ray beams at 70 and 140 KeV. Single rectilinear scanning mode was used on a 148 3 330 pixel matrix in a 196 3 80 cm window. Although DEXA was the first method developed to measure bone mineral density (15) , the application to whole body soft tissue composition has become current practice (20) . The DEXA device measures the attenuation of the two energy X-ray beams crossing the tissue. This allows partitioning between bone vs. soft tissue and fat vs. lean tissue in pixels of the body where there is no overlying calcified tissue. The DEXA device provides for each area the mass of bone, soft tissue FFM, and fat. For further computations and comparison with BIA, FFM including bone mineral content (also taken into account by the BIA method) was taken. The duration of total body scanning time was 15 min, and total X-ray irradiation absorbed by the organism was ,5 mrems, which corresponds to 10% of a standard chest film. Total body scanning area was divided into precise anatomic segments: the arms were separated from the trunk by a line passing through the humeral head and the apex of the axilla. The trunk was separated from the legs by a line passing from the iliac crest to the perineum. The head was excluded from the trunk by a horizontal line passing just below the mandible. The use of precise identical anatomic landmarks in both BIA and DEXA allowed the comparison of these two methods.
Computations. Computation methods underlying the BIA technique are reviewed elsewere (11) and demonstrate that there is a linear relationship between FFM and the L 2 / impedance index For high-frequency currents ($50 kHz), the conducting volume is assumed to represent the highly hydrated lean tissue (i.e., FFM) of the analyzed segment, whereas lowfrequency currents flow mainly through the extracellular volume (27) .
By using this approach, specific resistivity can be estimated from 1) FFM independently derived from DEXA, 2) length measured by anthropometry, and 3) impedance measured by BIA specific resistivity 5 FFM 3 resistance length 2 3 1.1 (2) where 1.1 represents the specific gravity of FFM (g/ml). Statistical analysis. Data were analyzed by using a statistical package of SAS Institute with parametric tests (25) . In the prediction group, linear regression analyses were used for comparing FFM and the L 2 /resistance index. In the validation group, the bias was calculated for each subject by using the Bland and Altman technique (2) . For comparison with the other studies, data from the prediction and validation groups were pooled. All results are expressed as means 6 SD, and P , 0.05 is considered statistically significant. Table 1 , the sample studied purposely covered a broad range of body weight, ranging from lean to morbidly obese. However, as in current population studies, the sample showed a slight kurtosis toward high body weight, since markedly overweight subjects were also included. This is illustrated by the fact that median body weight (71.5 kg), body mass index (BMI; 23.9 kg/m 2 ), and percentage or ideal body weight (109%) were lower than their respec- DEXA. Body composition assessment by DEXA demonstrated an excellent agreement between measured body weight and reconstituted weight from the sum of all DEXA pixels. The bias was ,1 kg for both groups (mean absolute weight difference of 0.74 6 0.67 kg). There was also a good correlation between left and right limb FFM, the mean absolute difference in segmental FFM being only 180 6 270 g (not significant) for the arms and 180 6 160 g (not significant) for the legs, confirming the precision of segments delineation by the radiology technicians. The limbs showed a tendency to a higher percentage of fat (42.7 6 14.9% for arms and 41.0 6 12.1% for legs) compared with the trunk (31.4 6 16.9%). From the leanest to the most overweight women, relative body fat increased more in the trunk (1.5-62.1%) than in the arm (9.9-68.5%) or the legs (14.3-63.5%). The contribution of each segment to increasing body weight is illustrated in Fig. 2 , which shows the segmental composition of the 51 women ranked by increasing weight (from 48.6 to 131.2 kg). Whole body FFM increased twofold from 38.8 to 55.2 kg, whereas fat mass increased a 20-fold range, i.e., from 3.8 to 73.6 kg. The major part of this fat accumulation occurred in the trunk, where fat mass increased by a factor of one hundred (from 0.4 to 37.2 kg). From the regression coefficient between fat mass and weight (r 2 5 0.97, P , 0.0001), it could be calculated that for each kilogram of change in weight the relative contribution of fat to the additional weight was as high as 86%. The FFM rose only slightly with increasing obesity, and the major part of adipose tissue deposition occurred in the trunk. The change in the composition of the limbs was less marked. From the slopes of the regression lines, we can establish that 1 kg of additional weight contains 127 6 22 g FFM (r 5 0.64, P , 0.0001), 466 6 14 g fat deposited in the trunk (r 5 0.98, P , 0.0001), 288 6 12 g fat in the legs (r 5 0.96, P , 0.0001), and 102 6 10 g fat in the arms (r 5 0.85, P , 0.0001).
RESULTS

Anthropometry. As shown in
Segmental body composition by impedancemetry. BIA (Table 2) confirmed that the major part of body impedance at the three measured frequencies (0.5, 50, and 100 kHz) was confined to the limbs, with the trunk constituting only a small part of the total whole body bioelectrical impedance. There was an excellent recovery between the measured whole body resistance and reactance (wrist to ankle) and the sum of the segmental BIA measurements. However, this was not the case for 0.5-kHz reactance, secondary to the fact that the measured values were close to zero (95% of values ,10 V for whole body). Given the precision of our instrument (61 V) and the possible dielectric capacitive effect at the level of the skin surface with such low frequencies, recoveries of .100% may not be surprising.
Derived equations for segmental body composition by BIA. On a physiological-mathematical basis, the L 2 / Values are means 6 SD with ranges in parentheses. n 5 34, 17, and 51 subjects in prediction group, validation group, and global sample, respectively. FFM, fat-free mass; DEXA, dual-energy X-ray absorptiometry. impedance index is directly proportional to the conducting volume and thus to the measured FFM. This investigation confirmed that at all frequencies and in all segments, there was a good correlation between the segmental FFM and the L 2 /impedance index (Fig. 3) . Linear regression analysis in the prediction group is summarized in Table 3 . On this basis, predicted FFM was calculated for each subject of the validation group at the three frequencies, and the residuals are plotted in Fig. 4 . At 50 kHz, the mean difference (average of absolute values of the differences) between predicted and measured FFM was 2.26 6 1.42 kg for the whole body, 0.30 6 0.27 kg for the arm, 2.12 6 1.89 kg for the trunk, and 0.61 6 0.55 kg for the leg. Linear regression between segmental FFM and the L 2 /impedance index of the entire sample is also summarized in Table 3 . It is noteworthy that, when performing linear regression analysis of these two parameters, a positive intercept of the regression line remains, indicating that part of the FFM measured by DEXA is not crossed by electrical current.
In a stepwise multiple regression model, we used independent variables such as weight, height, age, waist-to-hip ratio, percent ideal weight, and resistance index. We found that the latter had the best correlation to FFM (r 2 5 0.62), and the remaining variables improved r 2 by 7% (r 2 5 0.69). On the other hand, a model based on anthropometric variables only (weight, height, waist-to-hip ratio, and BMI) had an r 2 of 0.60.
The specific resistivity index was calculated by dividing the segmental FFM by the L 2 /impedance index and 1.1 g/cm 3 . This parameter expresses the resistance that could be measured between two 1 3 1 cm electrodes placed on the opposite side of a 1-g average FFM of the measured segment. When this parameter is low, it means that the FFM of that segment is a good conductor, whereas high values indicate FFM with higher insulating properties (Table 4) . It must be stressed that this parameter gives a crude estimation of specific resistivity, since it assumed that the measured segment was a homogeneous conductor.
DISCUSSION
This investigation, performed in lean and obese volunteers, demonstrated that segmental body composition could be determined by segmental BIA, compared with DEXA as a reference method. There was a significant correlation between segmental FFM obtained from BIA and FFM measured by DEXA. By using an appropriate anatomic location of electrodes, the recovery between the sum of the three segments and whole body BIA had an error of ,1%.
Segmental body composition estimated by BIA. Several studies investigating segmental bioelectrical impedance have previously been published (1, 4, 5, 8, 9, 16-18, 21-23, 29) . Unlike whole body BIA, which is well standardized (11) , there are some differences between the various methods used and between the anatomic location of measured segments (18) . All BIA devices did not measure the same value: some devices measure the impedance (Holtain device), whereas others measure resistance only (Valhalla device) and others measure both resistance and reactance, allowing calculation of impedance and phase shift (RJL, Xitron device). At low frequencies, phase shift is very low, so that the difference between the magnitude of resistance and impedance is of little practical importance, whereas at higher frequencies this difference cannot be neglected. When comparing resistance or impedance together, there is little difference between various BIA devices (8). Values are means 6 SD in V 3 cm. Within each frequency, all segments have significantly different specific segmental resistance, including arm vs. leg. Within each segment, specific resistance is significantly different for each frequency.
While performing segmental BIA, there are some methodological inconsistencies between the various investigators in the anatomic disposition of the current injecting and sensing electrodes (18) . First, some investigators moved the current-injecting electrodes when measuring segmental impedance. Second, for measuring the leg impedance, some investigators (1, 4, 5) placed their sensing electrode at the anterior midline of the thigh, in the same plane as the gluteal crease, whereas others (8) placed the pelvic electrode at the same location as in the present study. Third, for measurement of the trunk, the upper sensing electrode was located at the sternal notch by some (8) and on the anterior part of the shoulder by others (1, 4, 5) . Sensing-electrode location for the arm did not differ from one study to another. The anatomic location of the current-injecting electrode is of crucial importance because it determines the electrical current pathway across various segments of the body (18). In the majority of the previously published studies (1, 4, 5, 8) , the current-injecting electrodes were moved and located just a few centimeters beneath the voltage-sensing electrodes. This changes the current pathways across the measured segment and thus the effective conducting volume measured. As shown in Table 5 , in all studies where the current-injecting electrodes were moved (4, 5, 8, 28) , the sum of segmental impedance (or resistance) was greater than the whole body impedance (resistance), whereas in the study of Organ et al. (18) , where the electrodes were kept in place, the sum of segmental impedance perfectly corresponded to whole body assessements. In the present study, the degree of agreement between the sum of segmental impedance and whole body corresponded to the results of Organ et al. and was excellent. One critical issue is the relative contribution of the trunk and legs to whole body impedance observed in different studies. In the former studies (4, 5, 8, 28) , it ranged from 15 to 17% compared with ,10% in the study of Organ et al. and in the present investigation. The leg contributed to 50-53% of whole body resistance in studies where currentinjecting electrodes were displaced compared with 43.0% in the present investigation. However, as shown by a positive intercept in the FFM vs. L 2 /impedance regression line, the volume assessed by segmental BIA was lower than the FFM measured by DEXA. In the trunk, for example, the electrical current flows from one shoulder to the ipsilateral tight, and there is a limited amount of electrical current across the opposite shoulder and hip, although these tissues are included in DEXA-measured FFM.
Segmental equations for body composition by BIA derived from our sample are shown in Table 3 . In each segment, there was a good agreement between FFM measured by DEXA and the index L 2 /impedance at all frequencies. However, at high frequencies (50 and 100 kHz in the present investigation), BIA assessment was more appropriate for FFM determination than at lowfrequency BIA, since in the latter the electrically measured volume is primarily confined to the extracellular space. Despite the fact that this concept is not applicable for the whole body, Fig. 3 shows that there was a reasonable agreement between the height 2 / impedance index and FFM due to the fact that with increasing body size, the relative contribution of each segment to length and FFM rises in concert (Fig. 2) . It must be stressed that the height/impedance index is the best single predictor of FFM, as measured by DEXA. The addition of other anthropometric variables commonly used only slightly improved the prediction power. Body composition assessed by DEXA. Since the advent of DEXA, the use of this device in body composition research has generated a great enthusiasm. The method is safe, requires little cooperation from the subject, and is totally independent, i.e., it does not have to be calibrated against a reference method. Moreover, DEXA devices are widely available for bone mineral content assessment in humans. Body composition investigation requires only software implementation. However, as any in vivo body composition assessment, it has nevertheless some limitations (24) . For each pixel measured, two parameters are obtained (attenuation at low and high energy) and three variables need to be calculated (bone, lean, and fat). Mathematically, it is not possible to resolve a system composed of two equations with three unknown variables. Therefore, some assumptions have to be made. If the X-ray beam attenuation is high, the tissue crossed is assumed to contain bone; for this particular pixel, the system resolves the equations for bone and nonbone by assuming that the relative composition of nonbone is comparable to the surrounding bone-free (low-attenuation) pixels. This assumption implies that the composition of soft tissue overlying bone must have the same composition as the surrounding tissues. In addition, pixels including a small amount of calcium may be below the threshold value and may not be counted as bone but assimilated to very lean tissue. An additional interfering factor is the water content of FFM. Current DEXA software assumes that FFM contains 73.2% water. All of the subjects of our investigation were adults in good health (except obesity in some) with no concurrent medical conditions, and none were taking drugs. Whether the FFM of our sample did contain a fixed proportion of water (12) remains to be seen. DEXA remains a reliable technique for measuring body composition, but analysis of head and, to some extent, thorax soft tissue composition may be difficult because of superimposed bone. For the present investigation, there was a need for an independent technique capable of measuring segmental soft tissue composition. Some studies investigated limbs segmental body composition by anthropometry against BIA (4, 5, 8) , but, to the best of our knowledge, only one investigation in humans has described segmental body composition assessed by DEXA vs. BIA (28) .
When considering the values obtained by DEXA for body composition of the legs, trunks, and arms in this group of adults, there was a wide variation in segmental values. Therefore, it seems that the trunk acts as a reservoir for fat accumulation in overweight individuals. With increasing weight, the contribution of fat to excess body weight is as high as 86%, and about one-half of this adipose tissue is accumulated in the trunk.
In the present study, the relative error of FFM determination by BIA by using DEXA as the reference method was 6.7-7.6% for whole body, 15.9-16.9% for the arm, 11.7-12.9% for the trunk, and 11.9-12.7% for the leg. This indicates the uncertainty of accurately assessing the absolute FFM in wide and short segments such as the trunk.
In conclusion, segmental body composition assessment by using segmental bioelectrical impedance constitutes a simple, inexpensive, and relatively accurate method to assess body composition in healthy and obese subjects. This study demonstrated that there is an excellent recovery between segmental and whole body BIA, with this highly standardized technique. Regression equations are provided that allow us to calculate segmental FFM by using segmental impedance and length. However, this requires prior standardization, particularly when different approaches and different BIA devices are employed.
